
In the case of 3-d harmonic generation, the contribution of the

last two terms in the susceptibility is small , and we will neglect it

in what follows . Assuming that the process is only two-photon-reso-

nant , combination of the expressions under (2.1) gives t i l e  following

r e s u l t :
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w her e  a si..nnmatior over paths is implicit . N o t  ~ t h a t  a l t houg h : a l l  t h t i

c a l c u l a t i o n s  wi l l  be done for  t h i rd  t r a n s - r I - , generation , t b  results

wi l l  be i ndependen t  of the field used in the third step.

In the case of the b a c k — p o l a r i z a t i o n  a t  t i , -  f un d t m e i i t  al re prt :1ev,

t h e  third and  f o u r t h  terms in t b t  s u s c e p t ib  I l i t v  are e qu a l  t’ e ; r p e ot  rel y

t o  the  first and second terms . Assuming a a i n  t h a t  the process is only

t W r _ I i i t o f l_ r e i i i l a n t  , the e x p re s s i o n  f o r  t i l e  p o l a r i z a t i o n  C a l :  h it wri tt.
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where ;igain a suimrtation over paths is imp licit. In this case the

dominant t e nn in the  ‘- : ;; , : r - , i t ion ove r  the  5 — d  l e ve l  is the  - ‘ i i i ’  where

the 5- —d l e v e l  is the  sam e as t h e  f i r s t  l e v e l  . In what  f o l l o w s  we

w i l l  o n l y  keep t h a t  t e r r~~.

2. The (~;en c ’r i t e d  E l e c t r i c  Fie ld  in Terms - the N n l  illear P o l a r i z a t i o n

the r e l a t i o n  be tween  p o l a r i .~a t i n and r i h i a t e a  e l e c t r i c  f i e l d  lit

given b y the wave e q u a t i o n .  N e g l t ’ c t  i ng l o s s :
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If the polarization is expanded in a set of plane waves, a traveling

wave equation can be written for the complex envelope quantities of

each wave . In one dimension:

-bE j;
~~~~Pm m~~~m ,

— - for mode m 2.5)
2

Because of the linearity of the wave equation, the total field is

found by summing the contributions of the individual modes:

~~~-:~~~
- t — k

E(z,t) = Re ‘~ ~~~ 
E e m m

3.  The Two-Photon Abso~ption Probability in Terms of the

Back-Polarization

From energy conse rva t ion :

- PE = 0 ~~(2) i2.7)

where P is the back-polarization , N is the number d e n s i t y.  and

is the two-photon absorption probability per second . From t h i s

expression an average absorption rate can be calculated:

T1 1
= - \ u r n  — FE cit ~2. )

N t  1’— ’ ’ T

-~~ 0 -  
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Often it ii more meaningful to talk about the total absorption proba-

bility during a pulse:

1

j  ~~~ dt = - J PE dt
N t i n

l ,~ The Quadratic Kerr Effect in Terms of the Back-Polarization

The in-phase component of the back-polarization gives a contribu-

tion to the index of refraction. For infinite p lane waves , this in-

phase component can be written as:

~ (3) 
= ~ ,X(’i u ) E  ( 2 . 1 ’ )in phase U

where E is the amplitude of the wave at frequency :10 The index

of refraction is then given by (from MaxwelPs equations):

(n - l
~ K ~ x (w) (2.11)

For shor t pulses , the  effect on pulse propagation through the medium

is found by solving the T.W .E.:

~E 1 ~E
= -

~~~~~~~~~~~~~ (2.1, )
V it 2
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C. EFFICIENCY OF NO-PHOTON-RESONAINT FREQUENCY CONVERTERS

1. Elec tr ic Field Wi th a Discre te Spectrum of Independent Modes

We calculate the trip l ing eff iciency for an incident electric

f ie ld  o f the f orm:

E(t) = E cos [(ci) + rn” I t  - (2.15 )

where the phases h are independent random variables . First we will

calculate the polarization at the ~-d harmonic frequency using (2. ).

From this we can find the generated electric field using the T. W .E .

(2.5). The e f f iciency is then calculated as the ratio of the p 5cc

in the third harmonic field to the power in the  f u n d a m e n t a l  f i e l d .

Substituting the expression for the electric field (2.15) in the

expression for the transform of the field (2.1), we find :

E (ai) = E
m Fe 

m 
~(m _ w

0 
— t a t )  + e 

1 
m 

~~(:i)+~ i)~~4rn
’
~~~ (2.lb)

Substituting this in the  expression b r  the polarization ( 2 . 2 ) :

P~~~~(t) = - K
1
E
5
(t) ~ ~~~~ E E

rn,n

~ —i [~~~ ‘ - -f ~nt -+ n~ 
‘i i : ]  t i (r + :;

e to n

[ o - ~~~~0
- m + n \\;’)- i/2 

+
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where

N ~ 1 1 :  ~ -

-

‘ -
= — (C . l ~~)

( : r
~~1~~~ 

~~~~~~ 

(to~~ -

To incorporate Doppler broadening in the theory we note that, for

art observer traveling with the incident electric field, atoms moving

at di f fe rent veloci ties have d i f f e r en t apparen t resonance freq uencies

00
02 (x) = ~~~~ + x . For a Maxwellian veloci ty distribution, the fre-

quency devia tion x has a Gaussian probabil ity dens ity func tion:

1 2 ,  2
-x

p (x) = 
_____ 

e

~‘27r~~

whe re

‘

I n ’
= ~ ( 2 . l t )

Mc

There are N x p (x) x dx atom s with (apparent) resonance frequencies

between (0
20 + x and 

~2O ± x + dx . The total polarization is found

by summing over all velocity classes . The result is :

2K
1
E ( t )

= - 

2 ’ 
E E

m,n

x FR (k) cos [(~~o0 +k~~i)t - 

~~m
+ T n ) l

+ F
1(k) sin 

[ ( ~~o0 ÷ k ~~o)t  - 
m~~~ n~~
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wher e

k m + n

— I - - -
~ x — k:’o 

— X ‘ 
D 

dx
F (k) f  to)

R 
(at _ 2 t o

U
I x - k ’ - )~ 

-‘

~,/ ,
F
1
’k) - - J , ‘O (2.1 )

- - ~~20 
- - k ‘ )‘ -~a /I’~

”

The functions F~~k) and F
1
;k) are t h e real and ilulag i l i a r ’ parts of

the p lasma dispersion function .~~ Substituting the  ex p re s s i o n  f o r

E
5
(t) in (2.l i ’). the polarization can finall y be written as:

P~~~~( t )  = - 

K
1 

E E E

m , n ,p  
m n p

F~~çk) cos [ (5’lu + - k ± p N- ’~ t -

+ F
1 (k) sin [(5” + (k p) ‘~:)t - 

~~~~~~ ~n ~~
“

~I

U s i n g  the  T .W.E . ( ‘2 .  “ , the  e l e c t r i c  f i e l d  ge n e r a t e d  hr  t a c i t  t ena

in t h e  sum (2. l~~ can now hc c a l c u l a t e d .  The t o t a l  e l e c t r i c  f i e l d  i it

found by siirrmiing all these c,Int ri h u t  i o n s  . A s s t i m i n s t  t h e  s une k — v e c t o r

m t smitch f o r  all t h e  t e rm s in  t h e  sum w h i c h  may t o t  be exact at  i n —

t e n s i t  i es  wh er e  the K er r  e f f e c t  I ecomt s i m p o r t a n t , see Section 1 1— E ’t

~
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t h e T .W .E . f o r  in a r b i t r a r y  t er i .i  of t h e  sum is:

. t -. S ~I 1 ) ~l P
1:0 l_~_,I?_ 

— 
Ui , [1 , 1)

whe re

K
1

p - - 
_ _ _  

E K E  [F , k ’ - iF k~~]:n , n , p  
~

—‘-,. to n p K 1

I n t eg r a t i ng  t h i s  e qu a t ion  o v e r  t h e  l e n g t h  L of t h e  m c d i  or: :

~~ L ‘

E - - - o. P e
1 ~~~~ ‘ sinc ~ ~L ”~~ (2.

m , n . p i n . f l , p

Finally, the total generated field is given by :

E~~~~(t) = Re E
m n p  

e~~

tn, n .p

(3’ :t )” i K
1
L

-
‘ sinc ~ - k L/1 )

‘2

~~~ 
E
m
E
n
E
p 

IF 1~
k) cos ~~

‘ - F
R IE) sin II

m , n, p

where

- [ i  ,k + p
~ 

t ’]t - k L  - 
~~i:i ~ ~

‘ n 
~ 

‘
•

~~~~~ 
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Bec ause  t i l e p hases  -
~ 

-
~ 

-
~ ç ) f r different terms of the sum are

m n p

i n d e p e n d e n t ,  t h e  t m e  average value of the square  of the e l e c t r i c  f i e l d

a, 1 : -,,r:: is simp i- .’ g i v e n  by one-half the sum of the squares of the am-

p litudes o f  Lti e terms :

2 ‘5- 
- -

~t ’ I = 
I 

~ sinc ’ ‘‘
~~L:b)

l~ rry~

K ” “v” E
0

E~~_ 11 L F~~(k)  ‘t- FI k ) )  (2 . 2 -b )

(Note that , since terms with different p values have different fre-

quencies , this result is true no matter what the relation is between

the c ’ s ; hence the third field could be anything). Since the time

ave raged  value of the square of the inc ident  fie ld  is s imp ly lb E ’/2
p P

the eff iciency, in the p lane wave  approximat ion , is given by:

. ( [ E
(3)

1
2

~
harmonic -

- 

p , 

-

i u n darn .

- 
~ ‘ K~ T 2 

‘
= - sine l~L -

B

-a E E j~ EF~~(k) + F
’
~~k)] (2. ‘

~~

I f  we d e f i n e  the n - ’n n a l i : : ed  auto—convolution of the power spectrum of

— /t ? —

- ‘~~~~~~~~~ ‘~~~~~ ~~~~~ “ ‘~~~~~~~



the incident field:

1
n k—n n ~:—n

G(k) 2 “ — (2.~~b)

lb - E ’/ 2 ) n I ’
n 0 av

n

where  I is the ave rage  i n t e n s i t y  of t h e  i n c i d e n t  f i e l d , th is canav

be rewritten as:
It

2 
L ~in~ ‘k : :  

~~~ ~

This express ion  is very gen eral  in t ha t  i t  gives the I i l : e s i : a i e of t h I e

t o o — p h o t on - r e s o n a n c e  fo r  any powe r spec t rum w i t h  i n d e p e n d e n t  modes ,

both in the Dopp ler and the pressure broadened reg ime . In an ,iroi-

trary case , -12.25) can be evaluated numerically (see Appendix A). Two

spec ia l  cases are of p a r t i c u l a r  i n t e r e s t,  b ecaus e  t h e y  o c c u r  o f t e n  in

practice . and because they also suggest a new wan o f  m e a s u r i ng  l ine-

w i d t h s  of non-a l lowed  t r a n s i t i o n s . They a r e  t h i e  cases  when e i t h e r

pres su r e  or Dopp ler  b roaden ing  d o min a t e s ,  w h i l e  t h e  mo de  sp i c i nt :  is

much smal ler  than  and the l a se r  b a n d w i d t h  is m i t ch  w t I e r  t h an  the  i t  tru e

l inew id th o f the  case b e i n g  c o n s i d e re d  . We w i l l  now derive closed for:i

e x p r es s i o n s  fo r  the  e f f i c i e n c y  in both  t i t ’se u s e s .  a s s u m i n g  .i t u n i s i a n

— ‘2;7 —
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power spec t rum for the incident radiation:

1 — 1 ’n~ 
‘

-t /~~
‘

1- I = K e 12.
Ui -

where  S = (f t  2) - t imes the F . k .H .M .  o l  the laser spec t rum . U s i n g

th i s  d e f i n i t i o n  one easily f i n d s ,  hr  s u b s t i t u t i o n  th :2 . ) :

.
I~
’
~T1 ‘,,

0(k) = — — e~ 
k ’ ’ u ‘~~~~- . 

.~~~
.

a. Pressure  br ’ adened reg ime, ~i -. -

On resonance , one finds in this limitin g case:

~~— k. \ )
F

R
k )  = 

~k’i:) (~~fn ’, ’

k ’t (‘./I~~ 

I
’
.

Subs t i t o t  j o g  ~7 .~~7) and t . in t h e  st~~mation ov e r  k :Ijtja- .tr l u g  in

(2. :5) , we find b r  th is sum :

‘-I -i -)
- ~ ‘ -

= ‘T ~~~~~~~~~~~~” 
~~~

lt

x~~~~~ 

k~~~)~~~~~~~/ ’2 L 
(~~ .Ll ,

Since the l a se r  bandwi hth l  is assumed a be much w i d e r  t h i n  t i t o  a to mi c

i l u i t w i t l t  i i , thte i X 1  uli lu t i i i  i n  t h e  5~Wt cat  h a ’ i t e t  equal t i  - n e  . because

—~~~~~~~~~~~~~~~~~~ ‘ —-‘ - -~~~~~~~~~~
-

~~~~~~~~~~



the mode spacing is much less than the  l i n e w idt h i , ti l e sum can  b~ ap-

proximated by to integral . The final result is:

8 ~iT (~ 
)‘ ‘~ K’

- V ‘ 1 c a’. . -
______ — 

- - sin l~1. - ) (to, - “ I

wh ich  shows an inverse linear dependence ot t  b oth  the l a st . r h , t n d v ’ i d t h

and the  p r e s s u re  broadened atomic 1 inewidth

b . Dopp ler broadened reg ime . ‘0 -  “ D

In this limiting case, on resonance: ’ 
-

F
R
k) - - 2 o

X f  c~ dt

F1
’k )  = ~

where

k- \~

~~~~~~D

A e t i n  we have t - eva l : i t i  t h e  simo -aver k .i~ ja’ aring in 5~~~ 
5) . Using

(2.fl ’) and ~0 / l \ :

b k  F
1 

k .‘r 
~~

[—  - — ~~~~ e 

‘2
/

’’



_ _  -‘ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ “~~~~~~~~~~~~~ ‘~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~

Because the l iter is assumed t i  be much wider  th in the  h ) ’ pp l er  w i d t h o ,

the term involvin g thu , laser wit.hth cdii be neglected in t h e exh . :lt.’ l u t ia l

Bec iou- ;e t i l e  mode s~~.ic tog is mu c h  less t h a m  t he  Dopp ler w i d t h , t h e  sum

can be . l I i l ’ o:.. i v i t e d  b y u i  in t ~ ‘r d . The r e s u l t  i s :

U s i n g  ( .~~ and (2 - 1 ~:

G k ’F
R

k )  = 
- 

-‘~J

~~~~~ f  e
t 

dt  J ~
For the  same r e a s o n s  as ab o v e ,  t h i s  can hi’ appr x i r i i t e d  b ’ . :

I ~ 
f 

dv ~e~~
’ f  e~ i t ‘2.1?

k “ 3

‘[lie value of the i rutegral in this expression is u .5  . So t h y ’  f i n a l  r e —

s u l t  is:

Substituting 2.35) and (0 .2 in  (2 . 0~~. we f i n d  for t h y ’ e t  f i c i e n c v

- i 1 ~ -
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in th is  case:

2 (~~ ~~~~~+ ~~ 
(
~~~~

)‘ ‘~ K’
1

L I ~ 
—- 3 

—-—-——‘—— a sin dcL , ) (2.~
I)

which shows , similar t o the pressure broadened case, an inverse lin-

ear dependence on the laser bandwidth and the Dopp ler broadened atomic

l inewidth .

Remarks

The inverse linear dependence of the efficiency on 1’ and

(2.5 ), and 2 and 2’D (2. ~
‘ ‘) can easily be arrived at using simp le

arguments .  Assume that the incident field consists of N modes of

equal amp li tude E . In the p re s su re  broadened reg ime , the response

at 2a1
0 , and he nce the elec tr ic f ield generated by a pair of modes

m , n ’ is proportional to lb /I . Since the contributions of dif-

ferent pairs have independent phases , powers have to be added . So we

just have to multip ly the power for one pair of modes by the n i m i t e r  of

pairs . This number can easil y be found as follows . If we keep the

mode used in the first perturbation step f ixed , then there are

( f o r  N t -: 2 ) p o s s i b i l i t i e s  for  the  mode in the second s t ep . Th i s

can be done using any oIl the N modes in the first step. Thus t h e

total power and hence the efficiency is proportional t i :

/ E  \
— N

‘4 4 /

— b , l —

liLt, 
‘ - , y :,, ,,, _,,_,,,,, , _ ,  , ..____



In terms of the average intensity I c~ NIb , this can be written ,Is :

I’
c.z

In the Dopp ler broadened regime , the atoms can he divided into pac kets

of width y . A l l  the atoms in one packet are m a i n l y driven by the

same set  of modes , while a t om s  in different packets are d r iven  b y in-

dependent  se ts  of modes . Hence in this case the total radiated power

will be proportional to the  number of p a c k e t s , while in t h e  p r e s s u r e

broadened regime, where all atoms r e s p o n d  identicall y, it \‘aries as

- ‘ the square of t h e total number density. This means that compared to

the other case, the efficiency is down by the number of p a c k e t s , i.e.:

I’,’ I
- av I D a~’cc — / — -

2 /  ~‘ U ’

Note that in this last derivation the result of t h e pressure h r  ~, i y h t . ’n e d

re gime was used , which  means tha t  i t  is only  v a l i d  i f  N ” - y , not

j u st \ t  
~D 

. In th ’ie exact d e r i v a t i o n  we d i d  no t  h av e  t o  make t h i s

S t ronger  assumpt i - - i t  . It shou ld  bc n o t e d  l i o o ’ e v & -  r t h a t ,  if  t l i e  1:l ’ll e

spac in g  is l a rg e r  than t h e  l in ew i d th  of  i n d i v i d u a l  atoms , we have a

non—ho m ogeneous  s i t u a ti on  where  cer  t i i i :  a t om s  t r y  d r i  y e n  :n l c i l  ha i ’de  i’

th an o t h e r s  . The r e s u l t  (I’ .5 ’( g i v es t h e e t I ic j t .’t l c v In r t iit. t - ‘ ii

ensemble of a toms . In us ing it unde r  u o n — h o r : i o t : e r u e i t t s  conch it ions one

shou ld  check Ii w e v er  w h e t  i c r  t he  r ( ’ s f l ) l t s ~’ o t  s t r on g ly  dr iven  - it -u rs  i s
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CHAPTER III

INFRA RE D IMAGE UP-CONVERSION IN ALKALI METAL VAPORS

A . INTRODUCTION

The interest in frequency shifting radiation from the IR into the

visible or near UV stems mainly from two factors . First , thue’re are now

available very efficient low-noise detectors of visible radiation such

as the human eye and photomultip l iers, wh ereas most infrared detectors

are inefficient (and expensive) by comparison. A second attractive

feature of this method of detecting infrared is that the up-converter

and the visible detector following it can all operate at room tempera-

ture, whereas the competitive detectors in the infrared commonly oper-

I o , ,o 15ate between ri . K and 7- K.

In this chapter , infrared imaging using two-photon-resonant fre-

quency converters is discussed in detail. Both passive and active

imaging are cons idered , but the emphasis is on active imaging . The

reason for this is that a recent study
1
~ has shown that active imaging

systems using such an tip-converter look attractive when compared to

compet ing  techi o i ques u s ing  p h o t o c o n du i c t i v e  d e t e c t o r s  or quantum coun-

ters , but they compare ra ther  poorl y wi th  these  o the r  t echn iques  b r

passive imag ing of thermal radiation . The main reason behind this is

- ‘ -8 -
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that the up-converters have to use a pulsed last.’r for a pump, res u l t i u u 1 ’

in a low duty factor. In the case of active imag i ng ,  thie IR radiation

itself is pulsed , and this duty factor problem is much l e t . -  s s e v e r e .

We w i l l  s t a r t  witbo a b r i e f  d i scuss ion  of the p e r l ’o r n - c / c e  c r i t e r ia

for passive and active imaging systems . Th is wil l  be f’ollume ’ed by a

des cri ption of the various optical systems that can be used with up-

converters . The riext section deals w i t h  field of view , res olution

and bandwidth . Then follows Ch it ’ main section of this c h ap t e r , ‘,~‘h i i c h

is a detailed stud y of th e efficiency of such up-co/ov~ rters , t h e

physical  processes  l imi t ing  it , opt imiza t ion  procedures  and a com-

parison with crystal up-converters . The last section is a discussion

of the experimental results, It includes a descri ption of the system

that was used to obtain the first images, together with a comparison

between measured and calculated efficiencies.

Whe never pos s ib le , theoretical results w i l l  be app l ied  t m  thie

examp le of 2.-~m 2 , g up-c uu u ve r s i o n in cesium vapor , using thu e ’ process

1 . ,‘5 g ~~- 1.0-92 g 2.’~ ’ ~~ N 5i 2 A . The interest in this par-

ticular system stems from the fact t h at Lb ie ’ high power Nd :b~e’L solid

state laser at 1. - - 
- i t has an a c c i d e n t a l  t w o -p h i- iC on-co incidenc t- with

the r - s- ’s transition in cesium .

B. INFRA RED IMAG ING SYSTEMS

I. Performance Criteria I m r h :’uaj~i9~~Sv st t.’mn 

‘—-
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a .  Passive imaging

In passive imag i ng, au object is detec ted by the  the rmal  r a d i a t i o n

i t  emits at any t empera tu re  above a l m s  m lut t e zero . D i f f e r e n t  p a r t s  of

the o b j e c t  which are at sl i  gh t l y d i f f e r e n t  t L ’ 1/u pt . ’r a t~u I r e s  e m i t  d i f f e r e n t

amounts of r a d i a t i o n . The s e n s i t i vi t y  o t  a d e t e c t o r  or at o imag ing de-

vice is ev iden t ly r e l a ted  t m  t h e  r e 1a t iy i ’~~~ag u ’ J tu d e s  of  i t s  r e s p on s e

to a ch ange ~-i , and the ra n dom f l u c t u a t i o n s  in i ts  rt  s p o u s e ’  due to

vari ous noise processes . f b u t ’ r e f u r t . ’ , one (wide l y used )  p e r t  t . r n  0 / / c e -  in-

d i c a t o r  of a the’ rmal d e t e c t o r  is t~ut.  n o i s e - eq u i va l e n t  t e mp e rat u r e  d i f -

ference  ~N’E i D  -
- 

. s’lu i~~i ::l0 ,’ be det  i : u t . ’d an at  e f i e e ’ t ive  t t . ’ n u p u r a t u r e o

d ii  f e r e u u c e  t h a t  causes  a r e sp o l u s e  equa l  to t h e  rms noise  f lu c t u a t i o n s

in the  response of the detector , i i, .. giving a signal-to-noise ratio

o f  uniti’ . We will n m w derive an expression t - , ir t i l e  N l : l D .

The number ot p i u o t  c m / u n  r e ce ived  pe r second  by a d e t e c t o r  with area

A and field 1’ view . .  , l ook ing  at , an o b j e c t  of em i s s iv i t v  ce, 0

and temperature T , is given by: 1

p m ~ ( N )  df
N A ~ X f h f rkT 

- 

(_ .~~)

In this expression p is t i 1 actor thu at t aPes into ac~ ‘u /ut th e r e sp on s e

of  th u e  d e t e c t o r  f o r  o r t h o g o n a l  p o l a r i z a t i o n s , if  b o t h i  polariz itions or

u p — r ’ - m u u i - u ’ r t e ’ u t  w i t h u  the  sam e e f f i c i e u o c y , p e q u a l s  - . I t  o n ly  - l u -  ~Ol ,- i I - —

ization is lip—conve rt i - u i . i ts value is 1 . I i  b ot :hu p o lar  i za t  i m u t O S art’ tip—

c m m n v e r t e d  w i t h  dii el’i - / u t c i  f i c i e u u c i e ’ s . wh i c h  is  t h e  c isc i m i  t i - - i — p h -ton—

r t . ’ t . , u i u u a u u t  f r e ’~uency e’ - i u u i - e ’ r t r - r s  m a k i n g  ut / ; t.’ o t  i s t m  d I r l n s i t i u , n ,  m ine

— ~A’) — 
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h a s  1 < p 2 . The dependence of third-order processes on polar-

ization is discussed in detail in Appendix E . Since the band width u

of up-converters is narrow compared to the cen te r  frequency of t h e-

up-converted band , the in t eg ra l  in (3 . 1) can be approxiuuoated by Ch ic

product of the trite grand , evaluated at this cent,t.’ r i r e / h u u e ’ c u e  i- , and the

bandwidth . Thus

pi A

N —
— ‘ - -‘- - I, , ,ut. ,  - i i i  -m

- 1
1

wh ere ~~ . is the wave- len ’gthi ,it tloe cen t e r  of  the  b . u u n i , and t is
1

the bandwidth  of the  u p — c - c o v e - c t  er . The num ber  of  p h i o t u m n s  p e t  r e - s o l u -

tion ele m en t is found by se’ttiuig thue solid 1:1: le in this e x p r m  ~- si ouu

equal to tboe diffract i o n  ang le’ . i .e . , ~ ~/A . H e n c e  t h e  I ouu ini - t.’r

of p ho tons  per r e s o l u t i o n  e le n um , nt  is  a p p r o x i m at e l y g iven huv

p~ 
(X . l -f

0 -
~~~~~~~~~~~~~~~~ ,

e - 1

wher e’ the temperut uu r u ’ T is t he  4 , - c - rage tempt .’ c i t  t i r e  u ’ l  t h a t  t - i e - i / l u - / 1 t

S t a r t i n g  f rom t h i s  e xp r e s s i o l o . se- can , i e r  ye t i n  e x p r t . - s s i  i - / I I
’ 
i t h u e

Nl21 ’ h ) . The d e r i v a t i o n  p r t . ’ n e n t e d  boer e f o l l o w s  l a r g t ’ lv  t a U t  a n d  ‘ h i  I t  h u n

Adjacent r e r o l u t  ion e lements  - m l  tlue obj cc t h ave si igiut lv dii i - r u -nt t i n  -

pc r~u tu res, aui t.h thue ‘s ig u i  h ‘ is given by t h u t . ’ chil l crc’ uu ci ’ b — k - I \ , i  i / i  the ntmo —

h e r  c I  p ho tons  r e c e i v e d  1 c m  t m ,~’ m  ad j a c e n t  s pot s  w ithu a t m - n / j i m  r a t t u  m d i i  —

ference ‘h’ . C u i u i ~ i d ~-r two su ch spots , enu i tt i u u u ’. it i - . t .  r i m e  rat es ii~

and n . l i i i ’ s i u u i l  u ’t.’eci~ - t. - h it tloe i r o j ’ u u t  ni t h e  ~4 p —  m / / \  m i t  i r , d ut ri nm ~
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a time t , is then equal to:

S . = (n — ri ‘ t
in 1

For Poisson noise, due to fluctuations in tiuuue of a r r i v a l , t h u e ’  n o i s e

is equal to the square  root of the average number of reed ned 1 u1/m m t O f l , 5

N . [(n 1 
+ n~~~tj~ ~~~~.

~ro//l t h e expressions b r  the  s ig n a l  and u m i S e  at t h u t .  i u u j ’ u t  . the si gnal

and noise at the output can tue~ c u l c u l a t e c h  . he’ ,c—sume up— co /uvt.-rs ion

w i t h u  p h o t o n  e f f i c i e n c y  ‘ Phi . f o l  1 / m ’ i m ’l~’mJ by d e t ec t i o n  u / s i n g  a dt. -~ ice

with effic ie ncy ~ , b o t h  1o r- , m c e / ~ses bt.’ i u ’u ’ , r o oj s e t r t ’e . Thuus :

S
~~~ 

- - 10
1 

- n . \ 
Phi ~~

N - (n 1 ~~~~ 
\ ‘

i C

and:

n - r i

(S P ’ t.
- 

‘ - -.
‘ u~m t1t Phh

- 
~~ I

We will use’ t h u i S  e x p r es s i o n  toow t o  c d l c u i l - i t i  tht.- N~ h i .  wh ue -r e  t h e  d i  I —

i t - r e / t u e - c Eu
1 

— u i is due t m  a t e n / p c - n -  - ‘c  t.h i f l & ’ r m  Re ’ . m u m c o u l h  o h s - . ’

use this express I - / u , h u o u ’ e v t ’ r .  L ’  c - i [etil a tm’ t h e t~ N r , i t i m i t o r l e t e e t  i i i

--- - —--~~~~~~~--~~~~~
. - ---~~~~ -----------.-- - -  _



of a difference in reflectivity between a1 i c e / u t  s p o t s  ~v h u i c h u  c o u l d  b~

used as a performance criterion for aC tiv e iruaging ~~. Ucing ta r io
~

and n, , expression 
~5. ” ) ‘  evaluated at tel //p c rat /ire’ 1 anel 1 N i

we f i nd:

I ps at. . )  ‘
~~~ 1 /hi \/

-i’I’
\

S/ N )  lof , / kT I I — it I ~
‘ p i i  “~~~h ‘ t ’ ‘

~~ ‘

e 
1 

- \ kT/~~~T ”

By d e f i n i t i o n , the NETD is a - ‘~1’ such tha t  the r e s u l ti n , - s i g nal— t m-

noise ratio at thie output of the imaging sy s t e m  equa l s  u n i t y .  Hence :

1 p N .) \,f ~ /hf .\/ 1

NETD -— 
h f ./kT I I I — )  

~~~~~~~ 
~, 

_ _
i 

.- 1~ 5 .

e 
1 

- l  \kT /
~~ T ’

Examp le:

We w i l l  use t y p ical para m e ters  tor a Na up— eor u ’i-e ’rtc’r’, ecu - rating

a round  a c, u in the 8 ~u —
~ 12 a tmosp h e r i c  w i n d o w .

I
1

-‘ 0 ,I ,~2 K

f. = 11 cr~u

i ~~ cm

- U ~P IE

p

t i , sec

N t - I D  1.2 K 

- - - ,-- “5- --~~~~ - —--- -— - ‘ 
~~~~-‘ .- - ‘ -‘5—
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h . Active ~ / L i .

I-or thue case of active imagin a where the object is illuminated

u s i n g  a h i gh power l a se r  and detected by the radiation it r e - f ! e c t s  t i -

ward the u p - c o n v e r t e r,  the NEt ’ I) is c l e a r ly  not a u s e f u l  p e r t ’ i u rmance

criterion. One possible app l i ca t i on  of a c t i v e  im ag ing migh t  be where

one is trying to detect an object witli s mnue finite reflectivity in a

nc-n—reflecti ng ç”dark ” back ground. A re -1s )Iuo: /le mc ’rf- ~n~t,iuuce c r i t e —

r ioto fo r  t h i s  case is the si g n a l — t o — n o i s e  r a t i o  f i r  the u / e t e c t i o n  of

the  diffi ’re uee- between a spot in the “black ” back ground . - c i i i  a spot

on the r e f l e c t i n g  o b j e c t ,  e .g . ,  n p ~u t s  1 and 2 in Fig. 3.  A “good”

S ”N r a t i o  would  then permi t  one L i  t t .’lI the shape of the ob j t . ’ct  . Ut.-

s il l  use a cons t an t  r e f l e c t i v i ty  Ref for the e n t i r e  object. If

this is not the cast.’, one could use as one p o s s i b l e  choice the mito i-

mum value of Ref , in which case one would be able to see some dt ’-

tail in the object .

The noise sources to be considered in this case are the shot

noise due to the si gnal i t s e l f , thermal radiation coming I r-’m the

object because it has a nouu- zt.’r. ’ temperature , and d a r k - c u r r e n t  noise

in the phototube following tloe up-converter. he w i l l  d e r i v e  an ex-

press ion  f i r  t h u t . ’ s i g n a l — t o — n o i s e  r a t i o ,  and we w i l l  a lso I i n d  a I ove r

limit for the p m m u l’r i f  the  i l lu m iioat ing  laser  require ’e l  in o r d e r  t m

make the ref lu -eted radiation s t r o n g e r  t han  th u e ’ t h u c -n i t a l  r a d ia t i o n .  

“— —‘-- ,- -,‘,fl’-r. Li~Z ~~~~~~~~ ~~~~~~~~~~ ~~~~~~~
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Fi g. 3— —u\ e-tive’ imag i o g .  Detect i o n  o f  um- f l u c t  I uo~
o b j e c t  i n  ‘‘d ,- i r k  ‘‘ b a c k g r o u t u ’u  . 
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The geometry fo r  ac t ive  imag i/ i -g  is shown in Fi g .  he w i l l

assume:

< 
upc

If we ca l l  ‘j the ove ra l l  system e f f i c i en cy ,  we have (Fi g.  3)

S = (n~ - n x 1 - - t (n - 0)  >. 
~ 

-
~ t

N
out 

= ~(n i 
-
~ uo + ‘~ 2 1 

~ 
t~

( + n,~ ~ 2 -
~

) y 1 >’  ~~~~~~

and

(S
~

’
N)

out 

n 

- / 
-<

E n  + n
b 

‘
~

wh e ret.

-- dark c u r r e n t

t = i n t e g r a t i olo  t iu ~a-

- -  number of ret l e ct e d  photons  pe r  se c
per resolut ion c lement  on tht t .  o b j e c t

- - n u m b e r  i i  I t h u m- In//il 1ub i o t  in s  p er  sec
per rest.’ l u t  i u ) r o  e h  ciment 010 1 hue Cl) CCC

- -

~

---- -- 
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he will n ow calculate the ntnouber of p hotons  r e f l e c t e d  by the o b j e c t

per sec h —er resolution element, and also the number of  thermal  pho-

t ins per sec tier resolution element . If the illuminating laser emits

~ 
photons per  second in to  a solid ang le ‘

~L then the number of

r e f l e c t e d  photons  received per second is:

L Ref 1 n D~
N - - N ~~~~

—
~
-- ‘ — X — - -x —

F 

L 
‘L Tt’ r’ - 

-

In this expression C) is the d iau -t . e t e r  of the  up - c o n v e r t er ,  and use

was made of the fact that -~ > ~d . . If the total number of
upc obj

resolution elements of the up-conver ter, corresponding to the full

solid ang le - ‘ , is eq ual  to K . then the number of r e s o l u t i o t o
up c -

elements on t h u e  o b j e c t , w h i ch  spans  a s o l i d  ang le -

~~~ 

,

R ~. 1 . H enc e t h e u u u n / / h i e r  of  re f l ec ted  pho tons  per  resolu—Li up c

tion element (on the object is:

N u’? /R Ref 1 rrh
5 , u - ‘n = N

1
- ——-—— X —--- - --

~~~~ - ——
- - rr r ’ ~o u L

T h e  t o t a l  number of thermal  photons  emit tc mh by t h e ob j ect  at  tem per a-

ture T equals :

-i ‘rEf /i
N

b 
— ‘.~ ‘-f ~ (U

ui 
x r ’ 0 

r ’ 
. i~

wh ui ’ re J~, is the number of p h uo I ‘ m t  cmi t ted per s “c per tin it are- i , 

--—-
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I t - c  so l id auu-gl e , per unit ba~ 
‘~~~ m,ut h. Using (3.2 , i~ is given by

p’

= 
t u e  

‘

~~ i - 1  ~ .l5
1 

-

This radiation comes also from R - ‘ ~. “,. resol ition elements, and

thus  the number of  pho tons  per  r e s o l u t i o n  elcnieuit is  e q u a l  t - :

- 
£4
u ~D

n b = / -t ~ 
— x — . in

- ‘  R 2

By combining U.l)i a nd  ‘3. lnl , we- find thue mi~/im ~im number ci i  l a s e r

photons per second required to /nakc the reflce ted radial ion ~hc um in a t t..

The result is:

~~ \ ‘f c

N
L 

- 

Ref 

-

If  t h e  l aser  p o s er  s a t i s f i e s  th u s c o n d i t i o n ,  t h e  it .  C e c t i o n  i s  cj l  C m  i T

si g n a h - s h u o t — n o L s e — l i m i t e d  - neglecting thic dark current . i t  ni sub-

st i t ut e  (3 .13 and ~~ . U in the expression f m c  I i t .  signal—t m —nois e

rat U’ (3.11 , and neg lect the dark c u i r r e - i u t  c m n i r i  b u t  ion , we t~ rim! i

t i me-  s i g n - - u l — s h i o t — n o i s e — l i m i t e d  r e - e m it.-

lo
s f l X  t I) ~~~~~~~~~ 
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E- 5w/lj) ft ~Cs u p — c o u u v e - r t e r  at 2 . 1’

- .  -‘ l x l ,
I-I

D = 1 cm

2
R = 1

‘-
U

Ref .‘tI

I

t - I-) nsec

r -~ 3 k m  —

ir 
=

‘-f 100 cpu 1 
-‘blue filter behind ui p— c - ’nv er te - r

- 1

T -‘

- — ,p

u )ul e tit uds :

S N ’  3.~~ 
I P

Ut !  t

‘In ob t a i n  si gnal  — t o — n o i s e  ratio of i ! nj t ’~’ , t h e  r t - - ; u / u  t e d  h i ~ ei p ’ u’.’-r U-

5 F - kh,./ . lb s i ioc~ - . h . t u ~ t’ t h u c ’  ri t icc’ t ~-d rachi - i t ion t i m  doiiu ‘ i t  e’ , I hi ’
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r e q u i r e d  power is about 200 times less , and thus we are indeed in th u e -

si guial-shot-noise-lim ited reg ime .

2. Op tical Systems for Up-Conver ters

We will only br ie f l y discuss the various optical systems thoat can

be used with image up-converters . For a u / to re ’  comp l e t e  d i s c u s s i o n, see

Refs  . h and 1: . Three bas ica l ly d i f f e r e n t  types  of o p t i c a l  s .’s L e ’uus

for up-conversion have bee n di scu ss ed b y A ndr ew s ,~~~ the- v are ill ustrated

in Fi g .  5.

In a Type I o p t i c a l  syst em . the - ib j e c t  is  imaged in thoe up-conver-

t e r ,  and the u p - c i u n v e r t e d  r a d i a t i o n  is then  i :u aoc’ d - -i n t o  a de t e c t - -n . The

in ua ge ’  of a po in t  on the IR ob j e ’c t  is formed in th i s  case ’ by a s p her i c a l

wa v e f r o n t  c o n v e r g i n g  on a p o i n t  in the  t i p — c o n v e r t e r .  U p — c o u u v e ’ ni- i / i t o  e’//

p l ivi nuu a ‘type ’ I op t i  cal sys t em is a lso  c a l l e d  u p — c o n v e r s i o n  in  i//lag,-

space .

[ii ~i type I I  - p t  h e a t  s v st e / / / , n e a r l y  p l a n e  n -av t .- s  f r - it / I  the 1 R oh~ c’et

are’ up— c itum .’e’rted. and the  u p — c o n v e r t e d  p lane waves are imageeh onto t h u e

detector.

Ito a Type ’ I I I  o p t i c a l  system, tiue object h u h  t h / C  u p — c ’ - - i t v t . ’ rt  i - n  ar e

p laced respectively ito th ue I ru nt and hack local p lane of a le uus . 1K

r a d i a t i o n  f rom di f l e r e n t  oh j ec t  p o i n t s  g i n m - s  p l ane ’  n- ,i~ c’s u-i th different

diree I ions in  I hue u p —converter . ‘I’hut’ u p— cu itove’rtt. ’r and I t / ~ - del c- ct ‘u ire ’

resp ect I vt - h y iti l i i i  - front and h a ck  l o c a l  p l ~i t o t . -  s o  I ;t see -to i l 1 etos , a t o t h

this lens tr at u sh - ’ rt /u / e ’vi -rv u p — e ’ ’ i i t v e ’ r t c ’ d  p lane’  w a v e  i t u t  ‘ 0 p i u i t o l  i t o  t l u m -  

-- - - - - - - - - - - - - -



V ISI OL E

LENS I LENS 2 IMAG E A r’4D

(a) TYP E I

UPCONV ERT ER IMAC’E AND

~“~r 
LENS I DETEC TOR

1 f ,, O~

(b) TYPE II
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ch et e c t o r  p lant.’ . [1i-conversi on em pi m uv in g a I i ’pt ’ III optical 5ysti-n ~ is

ilso cal led u p — e m u n v e r t  i - t o  in Four ier  s p a c e .

bt.-cause with a N-pc’ II s’,’Ot em there is no freedom i to  m a t c h i ng  t 1 / i -

i n c i den t  1K rael i - i t ion to thu e ’ area and field of v i ew  of the up—c- -ro\- ’er~ er.

this type is u - i l  very limited cisc. i’bte r e s o l u t i o n  of  a Tvp c- I system is

limited below the diffraction limit by the lengtb u - ‘f the m e d i u m ,  whi le

this is not the cast for a Fv~-ie  I I I  svs L e n - . 
1 

In u\~’pe~u d i x  hi i t  is sh iu ’ \ s ’ ti

in detail that the resolution of ~t type 111 syste/// is imuul\’ limited nv

diffrac t ion , assuming ttoonoch r ’T: / tt Ic 1 i~~hut - fl ue magnjt i c,it ion of a

[~~‘pe ’ III system is also hlenl \’ e’d the re . All t ,- 1 m t. - s su f fe r Cr ni cii r ’/T/atic

— iberration. For a type III system this is discetssed in Appe nd i h-: C .

Acco r d i ng  tom Ref. lt , thi s aberration might ito princ ip le- h-ic corrected

for in a Type III S y S L c ’ / / u , n’huich would probabl y he’ r e qu i r e - ui in t b t e -  case

of  b roadba n d t h i m ’nnal ti p —C m / V t ’ rs ion - for act ivt.’ i i~utig i tog choromat ic tih t ’r —

r a t i on  is of  l i t t l e  i m p o r t a /u e e ’  s i nce  t l ue r - ich iatie ’ io is ver-; naru l- : ,i/ld .

In a Type I sys tc- u // . the u m u u t p u t  is the h - i u’ u u i u u c t  m i t  t h u e  C R  i / n a ~ /e  i / u u i  t h u ,

s u h u u , t r e  of the pump profile. This poses very s ev e r e ’ u u n i  f U r / l i L y  p r o b l e m s

on thue’ peimp be-i//I for t h e ease o f  1~ i w — c - o , o t r a s t  i t h / , i u i t o g  I / i  i - r n , ,  i i  i / h / , i , i t i d i  -

In  i type III system, oto t h m ’  o t h u c ’r hatid , c o e d  p o i n t of t h e  o H m  , :t g i ’, t - s

rise t - ’ a pla ne ’ WOve’ w b ui cht is up—cu i n ve’ r t e - mI h ’, t h t c ’  c - t O t ire p 1 / u i ’  ~- t. - ,t i - ,, ,i : ut. i

- ii; a result thu , pump beam qual its’ is mttc lu less i tui p- ’r to uo t . h- - ’r i ll thtc’ se

re asons a t yp e ’ 111 si ,’s t c m  is u s u a l  l v  o pt i m a l



‘~~~~~~~~~ ‘~~~ ‘5~~~~~ —--- ------ - --— - - - - - • . -

C.  FIELD OF V IE N , RESOLUT iON , A,N D bAN DWIDTH . APPL1CA’l’ION TO ‘ l i l t

P • ‘d ~ CESIUM I’P-CONVERTER

1. A c t i v e  Imaging

a. F i t .- l d  ~u ti  vie- u’

I n f r a r e d  rays  i n c i d e n t  on an u p - c u u n v e r t e r  at difte’re:it angles are

up-converted with a different k-ve ctor mismatch, resulting in an ang le--

dependent efficiency . Clear l y t h i s  r e sp o n s e  s h u o u l d  be LI “suiootd u ” func —

tioti, ‘~s’ithiout an-c zeros - There art. ti ”- ’ ’ p o s s i b l e  wan- s f o r  ob t a i n i n g  a

ripp le-free respons e versus IR ani le . P first possibilit y is i- iu5L’ a

cell that is less than one cohererict’ ie-u u- g t h long. At t h e -  h i g h prt. ’s -

sures where one wants Co operate’ the u p - c u i u u v c r t e r s , t h i s  leu ’igt ho is vt-rn

sb u T ’ rt , however, typ ically being only a small t raction of a n/i C l i me - ic r.

This is usua l l y imprac t i c a l,  both  because ’ of thue m c’choan ical b i rm - i hulems of

b u i l d i n g  such a sh ir t  ce l l , and b e c a u u s m :  t h i e  r e s u l t i ng  l i e - I d  o f  view is

so large that it becomes luard t m  design a cell with a l,iree enottg ht

“physical” field o f  view . The second possi hili t v is to make Chit. - mt-h / 1 / I ,

reasonably long there are also limitati uu uos t h u e re . t i n exp l ained in S e c -

tion H), and ph-tsematch o over  its entire l c - uu gti u - We w i l l  d i  scu m s ,- i t o lv

th e second case’.

The k — v t - c t - m r  m i / I / / l i t  c h u  cause ch b y C h u m -  , i t / u h i  m i ’ t - t u ’ c ’en Chic ’ 1K rays iu u d

the d i r,’c t i u i u /  01 the  sttm if the tu - m pump vt-ct- a - - is give’t u liv :

f-i

k - ‘3
’

. 1  

‘5----~~~~~~ - ---~~~~~~~~~~ -~~~ - --- -
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tu e efficienc y e a rl  eS \ - e ’rsuus atogle aucu irdhi ng C u :

0

sinc ’ 
(

~~~
L) ~~~~~ ( L~ 

L ) ~~~~~~~~~

and thus thoe solid tuu - g le of t h e up—co nverter (l -t , poin ts ” is givetu by:

L

N u m t e  t hat  t lois  sot NI auog le’ is e> : a c t  I v  e - g u u t l  to ti u ~ maxirnetm sol Ii: atog le-

as a l lowed b y t hc  d i f f e r e nce in  c c t r v a t c m r t . ’ b e t c~’ce ut ti lt. 1R j i t ch  vf~~jh1e

Save ’ f r itots  in the ’ up — c o i o v e r t  u t ’ , as di  scusseeb  it o  Ap 1- i c - nd  I ~- hi - l iv u s i ng

off—at ugb e p h a s e / / l a t c h i n g ,  u - h u e - r e - a 101 5 / I / , t t e h h  i~1, = — ~ i s  a l 1~ m u ’ c’ eh f - t

zero  IR au o g l e .  the f i e l d  o t  v i e w  can bt. ’ i iocre ’ased  by a i , t c t - r  o f  t eem ’ ,

but  in view i i i  the  r e s u l t s  of Ap p e n d i x  B t h i s  u i i a v  he c i u i t t c c c ’ p t a b l e -  -

b .  Me thoods o~~~p h a s em at c h i ng

Three p o s s i b l e  t e c h u n i q u e s  for  p h a s e - / i d  c h i n g  tbo c u t p — c o u u v m : r s i o n

pro cess will be mh it- ucussed - t h e y  are i~~t m ’ r t  gas p has e - n u h i t ehu ing, se’~I f—

p b u a se rna t ch t  i / u  , and H ase ’n itch i rig by 0 / / g i C - h i ’ u c i 1 1 n a , - ~! i se~u i c  s m,

o f t ’ luese t e c h  ii q u i d ’ s  i n  che ’tai  I

P h a s e m a t ch i n g  b y a d d i t o g  an itoe ’r t  as 
u 

is u t’ -~ - -~ h h v  n ot  -t u u~ c ’ t t m h

tec luni que . The reasuun is  th u /t i h,c’e’~iii se c - i l  the hu i g hu prm ’ssuu ’m - r u  los t t . - —

quired , the’ i/ut. ’rt p-u s pr i-sn ur m ’ ‘ec otut i ’s  e’Sc ’ e’it /l ly e - I ~ ’ h I  p hi ‘i t t b u e - ’-i ’ t u b

~:hi Im or m r , ’ /m /mtres ’u’l u m ’ r m -  ti/ ut.’ c-i /i / u I s I ‘ m - i h m e ’ r u t  e Clue ’ u t p — c m i u u v e r t e t  c / i  t l m m

- ,_ u , r -

-- 
-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
--

~~~~
-- --  - - 

-- --
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order  of 1-) atmospheres). This leads to a large broadening of the

linets ’idth of the two-photon transition , not to mention the practical

prob l ems  -

The second metbuod is to se lec t  the  IR wave l eng th  such tha t  tht.-

medium is self-p hasematchoed . This method is the simplest otie . but it

require’s an illuminating laser that can be tuned to the phasematching

f r e q u e n c y . We w i l l  now der ie - e  an e x p r e s s i o n  for  the detuning from

the upper Ic/eel where tio~ process is phasematched. by setting ‘
~~

u m l u a l  to zero . F-o r c ol i n e a r  wa y m -s , the express  ion fo r  the k -v e ’ct ‘r

m i s m a t c h  is:

-P - k - ( P  i ic , 1
S p 1

‘Lu ~it~ (Li

- - (~o - 1) -~~
- - (to - - (n , - I) —i-S - p 1 -

c c c

‘l’hoe to e - t m -irs - n — i ” in t h i s  exp r ess ion c ito be evaluated using

Se l l t ~u t. - i c r ’ s e q u a t i o n  - A s s u m u i n g  i, i p o p u l a t i o n  in the  ‘s l e v e l . the-

r e su lt  I - i n  the  cesium u p — c o n v e r t e r  i s :

N J l . ~’ x l’~~~ u( — c .‘~‘ ~- 1u 
- /

~~~
- 5 ’ .,

~1

‘ucl uer e ’ ‘\I’ , is in 5’ , l V e / u u h / / h i i m - r s , hl u i d only t h e  t p , u t Rh  p dou lil ,- t s were ’

toted in iii , ’ c , i lct t l , i t i-mn . I f , m i - cause cii ’ t w u m — p h u o t m u t  1 1 1 0 _ n t  i o n , t h - r c ’

1 5 5~ i/ lu h i/I p ti I - it C - in  in t i i , , - I m — p h o m i  I m u  — r e s o nan t  i c - - e l  - it wi  I I i t t  C i ’  t ’ iO l v

- ‘ - i l l  e f f e c t  m i t t  [hut.’ i t u c i e x  i i  r e t  i - let ~ / t I l l  t hu ’ I m u itut i i / / h tht’ s ut p t  

_ _ _ _ _ _  ~~~~ -
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frequencies , b ut it will considerabl y affect the index at the IR, s ince

the IR frequ ency has onl y a small deturting for ttue transition from the

resonant leve l to the upper level -‘, ‘s- ’p in cesium). The expression

for the mismatch, including this contribution , is, for the cesium up-

conve r t e r :

N 
- / l .~ S’ - 8. h ~ 1~~-5b 

~
1K = 

I S  
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

2e
0
ch \

where

N
I — —b- - 

;m e r i ’t. ’n tage  p o p u l a t i o n
- - - 

~ 

— 
in the s ic/eel - - -

‘[‘he ne l f — p ht as e’n u a t c hi uo g f r c q u c ’t icv is found by set t ing ‘ 1~ equal Co zero .

For thue cesium up—c onvert i r , the ’ r e s u l t  i s :

lU. - ~ . 
— 

~ I Ic -
~~ J

~ Phi .n m , i t  cli

fluis result says th~ n 
, as t h e  population u / I  the ‘s l t.’vm ’l is i /i c r c - a n , ’ ,i ,

C hic’ p h l s m ’ n / - i t  e}uing JR Irc -quency v i i i  o r i g /  / t u l l v  il / et c ase’ suctu t h ’ , i t  I i i , -

d e t u n i n g  f rom I i i , -  u u j q o ’ n  IcC - i -I hme ’cortt c s ” -i :iti i h r .  ~ t a sina i I t- n m h e ’ t ti fl irig

C h u m  c i t  i c i e n c v  i n  b i g ht - n ,  b u t t  a b - i s o r p t i u u n  h o t  h u t  t he  lb  -nod the’  suni

f r c q t i e to c ’v F~ is t o  ho c hecke d see’ Sec t  in to  D l  - As t h e’ f r t u e t  i n t o  I is

m e r e - a s c i I  f u r t h u e r , C i t e ’  b ’~~
- ’~ 

tots will ~-v e n t ’ h ’ k l  l v  m h u a S , - / . - i t  chi t - r u t . -  - - it i c - c

de t  m i i i r ip s , i . e . .  i l - ye t h u e ’  1 1 1 1 c r  t m - e m - I  

-~~ ‘~~~~~~~~~~~~ ‘~~~~~~ 44
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th e ’ t h i r d  t e c b u ~ / h q u i t . ’ is fl u - i re general tilt/ u  the second em /it.- in thiat

it can be used for a range m mf JR frequencies. but it rc m~~l i ne~ a more

comp licated system . It can easil y be u n d e r s t 1 ’ - m d  f r o m  the cii 5, - r ,-lrm

shown in Fig. - If Clue sum frequency does not c m/ne’ ve ’r ’,’ c l - s e  to

the upper - i t  i/I/Ic level. t h e  domin an t  c o n t r i b u t i o n  t o  t he  k - ’,- e’ c t - u r

mismatch is due to the  pump . Since  the f r e i 1 c h e - / / c \ ’  o f  the p c i m p  is h~ -

low t i e  first doublet of the metal vapor, it se es an l u - i d e > :  o f  re- f r ic-

t i o n  I or  -~-r  t iua i o  1 , and thus t i m e ’  v e c t o r  flk -i - P - is longe r L h a n  t~bo e
p i

c-cc t i n  k - iv si- i l t t i  t u g t he  pump he-tt:~ in t eem ’ h i~ a / / I S  1 / O  r e c’ ’/’, IL ’ L / i ~~ ht ~~

them ui-ide r a s~ i~u l l  at ig i c , the  ill I n / S -i t t c / /  ‘uP c- au-i be made’ zer o - For

small uiu l i e s  ? . Lht.’ mismatcho  caused b y the’ smal l  ang lo  2q be-

tween the pump heaiiis equals:

dm0

‘J (r~~ — 
P 

~ 
— l~

C P

By adding  t iois term C i  t h e  e x p r e s s  i o n  - - I , the  C m i t o  1 /n~~S l I h d t C i t I - ‘n

the  ces ium u p - con v e r t e r  becomes :

N j  l . l i ~~~~~~~~ - ~~ h ~ 1 ~~ ,

1K = ( 
—‘--- - - x i

~~ ~~

E”or a g i v e n  JR irequeuocv cu r. equie’a I c u l t  l v  • a g i v e - u i  el e t u t -iiuiu -, ~ -

the’ i n g l m -  c, can be found wit ich u makes thuis m x p i - m ’ ss i - i t t  z e ro , l i t ,
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1

r e s u l t  i s :

N \ / , 1.~ ,~~ 1 - o - i
‘ Ph,l r /hhtc h 

k 
~ 1 -

For large detui tings 5- , the ang le 
~
. ap l - r o a c I / e s  A/i aSc~t0p t-)r ie

‘-d ue - In Fig. - thue p h a s e m 5 c t c i u i n g  a n -p ie is p lot Led erSUS m . t - t u u i i u i g .

1° - ‘

fo r  a number deuisity of 1~ cm — . and f r  va n m u s  f r a c t i o n s  f -

c. Resolutioto

‘I’bi e general expressioto for t h e  r t . / s m i l u t i o / i  o f  -ito up—c o nverter l us ir ug

a Type III optical system is de r iv ed lii  A p h meflmiI X B. If we s u b st i t u t e

for the solid angle the result 
~ 5 - I ) - ye obtain:

R (~~~ -

d .  Rc’iat  ion m e - C ’ ,, c - r i  efficiency . re’ - - -  i l  I - I l . at u eh l r r o : I h m , - r  dc - u / n I

The’ el  fich ency i_ to t h e  p iuast ’u // _ ut c hu1 ’~h C , i n u ’ i s  p u ’ j ’ - t  I i ‘/1/t i C m i :

2
— ~l

’ i , p  
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Using (
~~

.. - ). this can be written in terms of the number of re-solution

elements , as:

ID
x R ’ N ’ n p

This is a key r e l at i o t o  for  u p — c o n v e r t e r s  - It says that , for a -sic-en

efficiency and n c - s o l u t i o n ,  the  r e q u i re d  sower  is  in v e r s e ly  pr p r - i r t i o n a

to the number dens i tr ’  of the metal vapor. Th us cu rie c - Incu r s  Ce) otuc- rat e- an

up-converter at as h l gio a pressure as ~-~~ c - b ~~ see Secti on P fo r  u r n -

i t i nc ;  e f f e c t s ’ .

c~. lian du5 - i d t h

[he e t f i c i e u/ c y  d ep e n d s  m iO t h e  d e t u n i n g  f r ~ / // t I r e  up p e r  l eve l  ito t i r e

1101 l m i c-’i ti g woe ’
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c,’herc 1K i s  g i v e n  he’ ( ~ - . anch u sc , d e ’p C / i d s  on ~~ ‘
A - l f  t u e de-

- ning is citatop t. d by a sisal I a i m- ‘cint S 1r-cu~/ m i t s  u r  i I :i nal vO [t i c

“, - u - C i t e  n e s u l t i t o g  t t u i s r u a ~ e .o i s :
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